In this paper, the relation between chemical potential and thermoelectric power is investigated by using the linear response theory, possible models of electronic structure, the consequently obtained spectral conductivities, and high-resolution photoemission spectroscopy. We revealed that the effect of temperature dependent chemical potential on thermoelectric power SðTÞ is negligibly small when its magnitude is limited below 100 mV/K, but becomes nontrivial with increasing SðTÞ. The validity of this argument we proposed on the basis of theoretical calculation was experimentally confirmed using the high-resolution photoemission spectra of the materials possessing a large magnitude in thermoelectric power.
Introduction
Thermoelectric materials have attracted considerable interest because a huge amount of wasted-heats can be partially but effectively recycled by thermoelectric generators in which thermoelectric materials are used as a main component. The serious problems about the running out of fossil fuels and global warming would be also significantly relaxed by use of the thermoelectric generator. However, the rather poor efficiency of energy conversion and the highcosts of thermoelectric generators have prevented us from widely utilizing them in variety of practical usages.
The efficiency of energy conversion in thermoelectric generator is expressed as a function of the dimensionless figure of merit ZT ¼ S 2 T= of the thermoelectric material. Here S, , and indicate thermoelectric power (Seebeck coefficient), electrical conductivity, and thermal conductivity, respectively. Since monotonically increases with increasing ZT, it is of great importance to develop a material possessing a large magnitude of ZT. Proper understanding on three thermoelectric properties, S, , and , should let us obtain such thermoelectric materials.
Thermoelectric power S is the most important one among the three thermoelectric properties, because ZT is proportional to the square of S while it is linearly proportional to and À1 . The sophisticated theories of thermoelectric power have been constructed in the last century on the basis of linear response theory, [1] [2] [3] and the behaviors of thermoelectric power of the materials, such as simple metals and intrinsic semiconductors, were accounted for with these theories. Unfortunately, however, the thermoelectric power of the practical thermoelectric materials often shows unusual behaviors, such as non-linear temperature dependence and sign-reversal with temperature, which cannot be predicted by these standard theories. We investigated the origin of these unusual behaviors observed in some thermoelectric materials, and found that the fine electronic structure near the chemical potential that is generally ignored in the standard theories plays an essential role to realize the unusual behaviors. [4] [5] [6] [7] [8] [9] [10] [11] Although the role of the fine electronic structure near the chemical potential was clearly revealed, the effects of temperature dependent chemical potential on thermoelectric power have not been well investigated yet. This problem is clearly understood by knowing the fact that the temperature dependence of thermoelectric power of many materials was quantitatively accounted for with ignoring the temperature dependence of chemical potential, [4] [5] [6] [7] [8] [9] [10] [11] while the extremely large thermoelectric power observable in some semiconductors 12, 13) should be attributed to the temperature dependence of chemical potential. It is also very interesting to note that the large thermoelectric power of some highly correlated materials is often attributed to the entropy of the localized electrons using the relation between chemical potential and configuration entropy of the carriers. [14] [15] [16] In this paper, therefore, we investigated the effect of temperature dependent chemical potential on thermoelectric power by using possible models of electronic structure and corresponding spectral conductivity. The relation between chemical potential and thermoelectric power were also investigated experimentally by using the high-resolution photoemission spectroscopy.
Relation between Chemical Potential and Thermoelectric Power
The linear response theory is generally used to evaluate the electron transport properties of solids. Notably it is used both in the Kubo-Greenwood theory and the semi classical Boltzmann theory. [1] [2] [3] In the linear response theory, the following formula describing electrical current J is used to estimate the thermoelectric properties in association with the conduction electrons.
Here, E, e, , f FD ð"; TÞ, and ð"; TÞ represent electrical field, the unit charge of electron, chemical potential, the Fermi-Dirac distribution function, and spectral conductivity, respectively. The magnitude of spectral conductivity ð"; TÞ is a function of the number of electrons, group velocity, and relaxation time at a given energy " and a given temperature T, provided that the mechanism of electron transport in the objective materials is accounted for with the Bloch-Boltzmann theory.
The electrical field E generated by the temperature gradient rT is described by the following formula which is directly deduced from eq. (1) by simply assuming J ¼ 0.
By additionally employing the definition of thermoelectric power, E ¼ SrT, we obtain eq. (4) for representing temperature dependent thermoelectric power.
Equation (4) is generally used as the standard formula to calculate the thermoelectric power of various materials including metals, semiconductors, and insulators. [1] [2] [3] It can be easily realized that thermoelectric power S is closely related to the chemical potential , because it is involved in the numerator of eq. (4) and also in the Fermi-Dirac distribution function as f FD ð";
The relation between the chemical potential and thermoelectric power S would be more easily understood from the following formula, which is directly obtained from eq. (4) without introducing any hypothetical assumptions.
The second term of eq. (5) represents the contribution of temperature dependence of chemical potential because the chemical potential is equal to the Fermi energy at the absolute zero. In order to roughly estimate the magnitude of the second term of eq. (5), we employed here the well-known Sommerfeld expansion. [1] [2] [3] Consequently eq. (5) is transformed into
Here Nð"Þ represents electronic density of states. The second term looks very similar to the well-known Mott formula, which is shown below and often used to explain the temperature dependence of thermoelectric power of typical metals.
Note here that eq. (7) is deduced from eq. (4) by using Taylor series of ð"; TÞ about in the numerator with ignoring the terms of ð" À Þ n possessing n larger than 2 as ð"; TÞ ¼ $ ð; TÞ þ ð" À Þ½@ð"; TÞ=@" "¼ . [1] [2] [3] Within the Bloch-Boltzmann theory, the spectral conductivity of isotropic materials is expressed as ð"; TÞ ¼ ðe 2 =3ÞNð"Þ 2 G ð"Þð"; TÞ. If we ignore the energy dependence both of group velocity G ð"Þ and relaxation time ð"; TÞ, eq. (7) is transformed into
By comparing eq. (8) and the second term of eq. (6), one may easily realize that the latter, which represents the effect of temperature dependent chemical potential, could become 1/2 of the thermoelectric power predicted by the Mott formula.
Since the assumptions of the energy independent group velocity and the energy independent relaxation time are widely acceptable for many metallic materials in the narrow energy range of a few k B T about the chemical potential, we can safely argue that the chemical potential effect on thermoelectric power is not trivial but one of the major factors to determine the magnitude and temperature dependence of thermoelectric power.
Chemical Potential Effects on Thermoelectric Power
3.1 Models of electronic structure and spectral conductivity In this section, in order to quantitatively evaluate the chemical potential effects on the thermoelectric power, we calculate the thermoelectric power using two different models of electronic structure capable of existing in some real materials. The first one is a three-dimensional free electron model, and the second one is the model consisting of two overlapping tight-binding bands of cubic lattice possessing a fairly different bandwidth. The former model is the representative of ''the free electron model with a given effective mass'', ''the nearly free electron model under a weak periodic potential'', and ''the multi-valley model'', all of which are often used to describe the electronic structure of intrinsic semiconductors and degenerated semiconductors. The latter model, on the other hand, is the one recently proposed by the author (T. T.) to obtain a large ZT-value.
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For the later model, we tentatively employed 2 eV and 0.2 eV in width for the wider band and the narrower band, respectively, and the narrower band is located inside the wider band so as the lower edge of narrower band to stay 50 meV above that of the other. In the both models, the Fermi energy was set at 30 meV above the lowest energy of the band. The condition of Fermi level employed in this study provides us with a nontrivial temperature dependence of chemical potential because the energy width, where the Fermi-Dirac distribution function varies, exceeds 30 meV even at temperatures below 300 K. For example, the energy width where the Fermi-Dirac distribution function varies from 0.9 to 0.5 (at " ¼ ) is about 2.2 k B T, which exceeds 30 meV at the temperatures above 160 K.
In order to calculate the spectral conductivity ð"; TÞ from the models of electronic structure described above, we employed the semi-classical Boltzmann transport equation. Two different assumptions, the energy independent relaxation time and the energy independent mean free path, were alternatively used for the two different electronic structures, and consequently four different ð"; TÞ's were used to calculate SðTÞ. The former assumption is often used in theoretical calculations, [18] [19] [20] and the latter assumption was experimentally confirmed to be acceptable in some materials in the vicinity of " F . [4] [5] [6] [7] [8] [9] [10] [11] The employed models of electronic density of states Nð"Þ and the spectral conductivity ð"; TÞ are shown in Figs. 1(a)-(f) . Since the absolute value is not required for the spectral conductivity nor the density of states to calculate thermoelectric power and chemical potential, 17) we plotted Nð"Þ and ð"; TÞ with arbitrary units in Figs. 1(a)-(f) .
It should be mentioned before passing that, the thermoelectric power calculated under the present assumptions provides us with the same magnitude of thermoelectric power calculated on the basis of the physically unacceptable ''constant relaxation time'' and ''constant mean free path'' hypothesis in which the temperature dependence of scatterings caused by the electron-phonon scatterings is completely ignored. This surprising fact is caused by the disappearance of energy independent factors involved in ð"; TÞ from eq. (4), in which the integral containing ð"; TÞ persists both in the denominator and the numerator. The factors independent from the energy come out from the integrals and disappear even if those possess a strong temperaturedependence. Although the calculated values possess the same magnitude, we has to remember that the use of ''constant relaxation time'' and ''constant mean free path'' hypothesis is definitely wrong, but the ''energy independent relaxation time'' and ''energy independent mean free path'' near the chemical potential we assumed in this paper are physically acceptable.
We calculated the thermoelectric power from the spectral conductivity mentioned above by using five different equations. First of all, we employed eq. (4) to calculate the ''original'' thermoelectric power without using any assumptions other than those used in the linear response theory.
The resulting values were labeled as S org ðTÞ. The first term S 1st ðTÞ and second term S 2nd ðTÞ of eq. (5), the sum of which represents S org ðTÞ, are also calculated to clarify the effect of chemical potential. We also calculated the thermoelectric power using the following formula, which is obtained by completely ignoring the temperature dependence of chemical potential as % " F . Energy, ε−ε bottom / eV Spectral conductivity, (c) Fig. 1 The density of states of (a) free electron model and (b) two overlapping tight-binding bands model plotted as a function of " À " bottom , where " bottom indicates the lowest energy of the band. The Fermi level, which is indicated by the vertical dashed line, is located at " À " bottom ¼ 30 meV for both models of electronic structure. The spectral conductivities calculated under the assumption of energy independent relaxation time are plotted for (c) the free electron model and (d) the two over-lapping tight-binding bands model. The spectral conductivities calculated under the assumption of energy independent mean free path are also plotted in (e) and (f) for the free electron model and the two over-lapping tight-binding bands model, respectively. All the data are plotted in arbitrary units because the intensity is not required for the calculation of thermoelectric power nor chemical potential.
S %" F ðTÞ
Equation (9) was used in our previous studies, and the temperature-and composition-dependences of thermoelectric power was quantitatively reproduced for the Al-based complex structure alloys, 4, 5) the cuprate superconductors, [6] [7] [8] and the layered cobalt oxides. [9] [10] [11] Finally, the thermoelectric power was calculated with the Mott formula, and the resulting data is labeled as S Mott ðTÞ. The temperature dependence of the chemical potential is generally ignored when the Mott formula is employed, because the variation of chemical potential with temperature is believed to be very small in metallic materials. Thus we calculated S Mott ðTÞ with assuming a constant chemical potential as % " F .
Thermoelectric power and chemical potential
Here we show the thermoelectric power and chemical potential calculated from the spectral conductivity as a function of temperature up to 1000 K. All the calculated data, S org ðTÞ, S 1st ðTÞ, S 2nd ðTÞ, S %" F ðTÞ, and S Mott ðTÞ, of the free electron band are shown in Figs. 2(a) and (b) for the constant relaxation time approximation and the constant mean free path approximation, respectively. Those of the two-overlapping tight-binding bands are shown in Figs. 3(a) and (b). The temperature dependence of chemical potential (ðTÞ À " F ) was also determined from the electronic density of states Nð"Þ both for the free electron band and the two overlapping tight-binding bands model, and shown in Fig. 4 .
Notably the resulting thermoelectric power S org ðTÞ for the free electron band model are large enough to exceed 300 mV/K at 1000 K under the assumptions of constant mean free path and constant relaxation time. In the case with the two-overlapping tight-binding bands model, it becomes much larger than 500 mV/K at 1000 K due to the presence 
(a) Fig. 2 The temperature dependence of thermoelectric power calculated for the free electron model. Those under the assumptions of energy independent relaxation time and energy independent mean free path are shown in (a) and (b), respectively. The plotted data are S org ðTÞ, S 1st ðTÞ, S 2nd ðTÞ, S %"F ðTÞ and S Mott ðTÞ. The definition of these quantities is accounted for in detail in text. The first term of eq. (5), S 1st ðTÞ, on the other hand, shows a tendency of saturation at high temperature, and the magnitude of S 2nd ðTÞ eventually exceeds that of S 1st ðTÞ at high temperature. This fact suggests that when the extremely large magnitude of thermoelectric power exceeding a few hundred mV/K is observed in some materials, the contribution of the chemical potential could become more than half of the total thermoelectric power. We should, therefore, seriously consider the effect of temperature dependent chemical potential on thermoelectric power especially at high temperatures.
The temperature dependence of S %" F ðTÞ looks very similar with that of the corresponding S 1st ðTÞ regardless of the models of spectral conductivity, although the magnitude of the former is always slightly larger than that of the latter. The similar temperature dependence was caused by the similarity in equation. The difference in magnitude between S %" F ðTÞ and S 1st ðTÞ is produced by the difference in chemical potential involved in Fermi-Dirac distribution function; it is substituted by the constant value at " F in S %" F ðTÞ while it still has temperature dependence in S 1st ðTÞ.
We should stress here that when S org ðTÞ is kept below 100 mV/K, S %" F ðTÞ possess almost the same magnitude with that of S org ðTÞ (¼ S 1st ðTÞ þ S 2nd ðTÞ) because the slightly large magnitude of S %" F ðTÞ than that of S 1st ðTÞ effectively compensates the missing, small magnitude of S 2nd ðTÞ. This is the case for all the present models of spectral conductivities, although the temperature where the deviation of S %" F ðTÞ from S org ðTÞ becomes significant has variation depending on the models of spectral conductivity. We can safely argue from this fact that when the magnitude of thermoelectric power is small to be limited less than 100 mV/K, the effect of the chemical potential on thermoelectric power can be ignored and S %" F ðTÞ becomes appropriate for the evaluation of thermoelectric power. The validity of this argument is further confirmed from the consistency between the calculated S %" F ðTÞ and the measured one for the various materials in our previous papers. [4] [5] [6] [7] [8] [9] [10] [11] Those materials indeed show the magnitude of thermoelectric power less than 100 mV/K in the whole temperature range of measurement.
Here, we comment on the validity of the Mott formula. The spectral conductivity used to deduce the Mott formula is assumed to be linearly varying with energy. At low temperatures, the energy range where the function À@ f FD =@" has a nontrivial intensity is narrow enough to assume that the spectral conductivity varies linearly with energy, and therefore the Mott formula provides us with a reasonable value of thermoelectric power. However, at high temperature where the energy range we have to consider becomes wider, we cannot ignore the nonliner energy dependence of spectral conductivity for some materials. In such a case, the measured thermoelectric power shows nonlinear temperature dependence and is no longer reproduced by the Mott formula. Indeed, these tendencies are clearly observable in Fig. 2 and Fig. 3 : the Mott formula provides us with a proper thermoelectric power only in the low temperature range below 100 K, but the magnitude of S Mott ðTÞ became far different from S org ðTÞ at high temperatures for the all models of spectral conductivity employed in this study. Note that the temperature range where the Mott formula provides us with a reasonable value becomes narrower when the spectral conductivity of material has very fine, non-linear energy dependence near the Fermi level.
High Resolution Photoemission Spectroscopy for Materials Possessing the Large Magnitude of Thermoelectric Power
In order to experimentally investigate the relation between chemical potential and thermoelectric power, we measured photoemission spectra for a material possessing the large magnitude of thermoelectric power. The material we employed in this study was the Si 2 Ti-type Al-Mn-Si alloy. With partially substituting Al with Si, one can control the main carriers, electrons or holes, in this phase. The n-type behavior is observable at Al 32 Mn 34 Si 34 with which a higher electron concentration per unit structure is realized, while the p-type behavior is obtained at Al 33 Mn 34 Si 33 of a lower electron concentration. The thermoelectric power of these materials are shown in Figs. 5(a) and (b) . It is of great importance to note here that the both compounds possess the absolute value of thermoelectric power larger than 300 mV/K over a finite temperature range about 400-500 K. Details of sample preparation, sample quality, and other transport properties will be reported in elsewhere in near future.
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We measured photoemission spectra for these materials at the U-NIM beam-line located at the 800 MeV storage ring in Synchrotron Radiation Center, WI USA. The clean surface was obtained in the photoemission chamber by the fracturing of samples under the ultra-high vacuum condition better than 6:7 Â 10 À9 Pa. We have measured the valence band photoemission spectra with the incident beam of 22 eV in energy at several different temperatures from 20 to 200 K. The total energy resolution was about 20 meV which was determined from the energy width of the intensity reduction from 90 to 10% at the Fermi edge of the reference gold. The resulting spectra are shown in Fig. 5 as a function of kinetic energy.
In the case of n-type/p-type materials, the photoemission spectrum is expected to move towards the higher/lower energy with increasing temperature, because the chemical potential moves toward lower/higher energy while the chemical potential of the photoemission spectra is pinned at that of the apparatus. It can be clearly confirmed that the photoemission spectrum of n-type Al 32 Mn 34 Si 34 and p-type Al 33 Mn 34 Si 33 indeed moves towards the higher and lower binding energy with increasing temperature, respectively.
From the calculation shown in the previous sections, we can safely argue that a large magnitude of thermoelectric power must be obtained with a large magnitude of À " F . We confirmed, from the photoemission spectra, that this is the case even for the present materials: The energy shift of chemical potential from 20 K to 200 K, ð200 KÞ À ð20 KÞ, estimated from the photoemission spectrum is À8 meV for the n-type Al 32 Mn 34 Si 34 and 6 meV the p-type Al 33 Mn 34 Si 33 , while the value of thermoelectric power of the n-type Al 32 Mn 34 Si 34 is about À196 mV/K at 200 K, and that of the p-type Al 33 Mn 34 Si 33 at 200 K was 181 mV/K.
The validity of our arguments about the relation between chemical potential and thermoelectric power is further confirmed by knowing the fact that the magnitude of the measured ð200 KÞ À ð20 KÞ is comparable with the calculated value of chemical potential shift j S¼200 mV/K À " F j which is distributed from 10 to 18 meV for the present models of spectral conductivity. 
Conclusions
We investigated the relation between temperature dependent chemical potential and thermoelectric power by using the calculation on the basis of linear response theory and highresolution photoemission spectroscopy. We found, as a result of the present calculations, that the effect of chemical potential to thermoelectric power is negligible when the thermoelectric power is kept below 100 mV/K, while it becomes nontrivial when thermoelectric power exceeds 200 mV/K. This fact definitely indicates that we have to seriously consider the temperature dependence of chemical potential when we develop new thermoelectric materials possessing a large thermoelectric power exceeding 200 mV/K. The photoemission spectroscopy on the materials possessing a large thermoelectric power lends a great support to our arguments constructed on the basis of the present calculations.
